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HYDROGEN TRANSPORT, MIXING, AND COMBUSTION STUDILS

J. R. Travis

Theoretical Division, Group T-3
University of California
Los Alamcs Natioral Laboratory
Los Alamos, New !lexico 87545

ABSTRACT

The transport, mixing, and burning of hvdrogen {ngide containments {s receiving a great deal of actterntion,
o nresent verv Jdetalled models descrihing this important phenomena and provide several example calculatians tn
c¢haw the versatilitvy and accuracy of the methods.

1. INTRADICTION

mring and after 4 loss-of-coolant accident in a light—vater rea~tor, water may be decomposed hv chemi:al
teaztinns and radinlveis to release paseous hvdrogen. Under these conditions, hydrogen may he released {nta the
reactor contalnment resulting in two deleterious effects: (1) the noncondensahle gas can increase contalnment
aressure, and (2) I{n suffizient amounts, the hydrogen could burn in the presence of air and cause cons:idaridle
1aads an the containment walls and crucial control devices. Each effect represents an additional safetv rick,

To better assess the prohlem, we have adapted an existing two-dimensional combustion code C/ONCHAS=SPRAY 117
to analvze hydrogen comhustinn, and we have developed a three-dimencional zode HMS [2,3] to cal:ulate the fetniils
of hvirocen transport through containment structures and extended it's capabilities (HMS-Burn [4,5]) tn tazlul
snnbhust {an,

Sovaral vxanmples are nffered to demonstrate the capability of nvdropen mixing and conmbustion throa - <on=
tlmme s,

1. IATHTHMATICAL ODEL

The martial=differentia] equations that envern the fluid dvnamics and specles transport anl =odel the
W irnaen tombustion nrocess are presented {n this section.

The ‘'{xture FEquatinne
" The =ixture mass conservation cquation is

[

[}

SRR ARCUR LU i

[EUTLY T

4
o= 0y 4 Pq " macroscopic densitv of the (ndividual specten (0, N, Uy or 00,
-l - - :

T mass—-averane velocity vectnr.

The mf{xlure =momenium cnnkervat ion equat {one are given by
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The :ocffizients of viscodity, u and A, which appear in the viscous stress temor, €¢.g§ ,

o = 2wk -ava 1

where ) [a 2/3y, and u is interprcted as the "eddy viscosity,” arc defined by the sinple algebraic turbulence

model v e p/pe 1/iD s /T:T. In this nodel, s is equal to a length scale (1.30 o for these calculations) and

/ﬁ is the turbulent eneraqy {ntensity (O.ISIGI for these calculations), so u = 0.56 ph:l. The structural dracg

vector {s aiven by b= CDD(.\I'GI.'\'O!.UI'I)GH-H. where Area’/Volums = (structure area)/(strurture volume), and C:’ =],
The mixture interna]l energy demsity equation is
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e

= af xture apecific internal energy
« = "eddv conductivity,”
T = aixture tenmperature, and

Y = angrov sourze and/nr sink per unit volu=e and time.

Thue Suer{es Transnort Fquatinns
The Tvnanics of the Individual species are determined by
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where the "eddv Aifrfusivity™, v, {8 determ!ned hy setting the Schmidt Number to unity, v = u'p, arl 'iq antoe

are foterained by the chemical kinesticn prevente. belowe  Summing the above speclen tranuport ecquations ro<.te
{n the mixture misy conservation equation,

“henical Kineticy

Veoare eaploving 3inhal chemical kinetice in whicth the only reaction modelled in 2, +« 9, $M,oe 0, e

{« sinflar to the chenical kineticn modeln {n ather Los Alanos combuntfon enden [R=8]. Hydroagen  omtwist oy oo =
‘oo de By mpane of many rare eidmentary reaction stepa and fnleraediate cheni~al wpecliess The hemt ol ren 2l

t{ wcale fx, hiowover, very short rompared with fluld dvnamic motlons and waatndal ealaulationg rgn he v o=
Alshed using thiv «implified global chenical kinetics schems [9]. MHere, 0 {a the chemi-al enorpy of =ttt bas

mer anft value andt tine, f.e,, Qe [f‘-] » &, iR x |H‘ [";:—l-;] ;[3‘{-‘:’:]. The reactian rate, :;. {d A deled by



Arrenhius kineti:s as
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where 1 {s the nalezular weight and C. = 3.3 x 10 [ ]. Now, the source terms S, and S are fou=d by
f nole = s H 0
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IIT. EXA'PLE: CGIYDROGEW MIVING IN TME EPRI/HEDL STANDARD PROALE'IS

T™a Y''§ gnde w1s used to imalvze the EPRI/HEDL standard prohlems “A~ and "B" |19]. These standard ~r-~lens
Jor= ~rimoased as 8 bases far conmnaring blind predictions of detalled hydrogen distrihution ia rea:ztor=li~e zan=
tii7ment ¢-~~nirtments. In hoth exnerinments a high velocity etean~hydrogen or steam-heliun je: is released i-t-
the =n~nartment. The reader is rafarrad to Ref. 1l for a detalled 4discussion of the exnerimertal facllicy.

T{yure | presente the discretization of the containment conpart=ent. Ue have nodelad the blover whic™ »r -
viltea reci=calation from the ubper to lower compartmenta as four time=dapendent prescrihed Lnflow boundarv
cells, Flow {s allowed tn exit the computational mesh by the eight continuative outflow boundary cells sh.s~ -~

the »ater -ircumference. Both tests started with the compartmnt at 65°7 and 105 Pa, with test A containi-: ni-
tro:e1 2a1d teat B containing air.

Cxrerimcnt A had a horizontal steam=hvdrogen jat that was centered in the annuylus at 775" at a hel:hc 1.5:
- fr = the floor. The averane jet velocity was assumed to be 150 m/a, and it was directed [{mward at nt® Lo 1 T
1111 riv. Txperiment B had a vertical steam-helium jet that was located at 130° 1.2 m from the floor, 1nd
2,31 = from the compartment axis. The average jet wvalocity was assumed to be RO m/s,

In Figs. 2 1nd 3}, we nresent the test data i1nd the blind (i.s., nretest) concentration predlctian: fir te~t-
\ 1] B, retectivelv, The curve desipnated "S" representn the experimental dats while the carve Jesiimted "7
renr=sents the calculation. For test A, the hcrizontal jer, there is total mixing throughout the zomiart~e-~t -
aviienze! by the similaritv of the concentration curves and maxi-um concentrationa at various lacatiare 1n the
=srartnet.  All concentratioms in this paper are reported in volume percent on a dry basis; f.e., th? ~tean 2as
=314cwed aad the cas sa=ple passed through a drving hed in the tests. Zoncentration: for test 4, the vertio:®
jet, are irasented for the same locations as test A\. Here ve see a definite concantration grajlent of rwmcil~
ts ) canzentrati~n nerzent during the pas injection phase witn muxi=mun values at the ampart=eat ton 11! al=1=2.-
vilyea ar the *ottom. This gradient qui:kly decavs to akout I after tue Jat {8 shat »ff. ‘ur 9li-~d <al_ala-
tlins of the =naceatratiins ire seen tn predict the oxperimental data very well.

) EVAIPLE: 'UUUERICAL CALCULATINN OF HYDROMGEN=A\IR COMRUSTION [121

=va fallayina cilculitians of hvdragen=air mixtures hrning {n a closed cvlinder were serforswcd = rriai-
SP™\Y. “ne vessel im roughlvy 3 = nigh a9d 2 m {n diameter with {tsx axis orientated {n the vertizil {ire-21.n.
*alfar= wvir~pon-air nixtures vere introduced into the vassel and fenft{nn ozcurred an the axfe thagt | = from
rhe hiqa, Tun tvnee of hehavior were nbserved {n the exnerinment and renroduced {n the cemrater -ilonlatinnu,
ko= the inftial 1uantitv of hvdrogen was small, t.e., 7,3" hviragen hy voluma as shawn 11 Fig. 3, then the ‘o=
wire Siatarv had tin peaks. ‘When higher initial hvdrogen quantities were uacd, feee, 1777 viracen 5 velawe e
wwyn (n Fig. 5, then a ningle mharn nreasure apike was ohserved.

i =47 fedcr'be the events of these tuo casen hv internreting the {[antherm plats ass~ziqre! w1ttt ord s
timex (n hath calcilations. The temperature values of each imntharm dare equallv spaced metdeen the 1 " eul !
losest viliues, which are given beluow each plat., The time associated with each plot s given ak v 1L,

s first Jetall the menuences of events denicted in the ieotYierm plats. Ienition In heth Cal-ot kg s
a=rare gt NN seconds. With 7.%52 hvd-ogan, at 1.99 gecondn rhe flame completelv surrounds the "ot barn=-r ..t
sisee 10 weparatean them frum the conl, unburmu gamen. Nuovancy han caused the hurn=prfa:t scises t- rise *F -
the valnt of Lgnition more than half the height of the cylinder, and the regiun thev nccuw b “efors| 1=t -
=~hramlike mhape. The burn products rise until the flame simultineounlv re.aches the tor and sih 2alle o v
svliader at 2.A% seconds. Subsequently the flam: becomes more plasar and propagaces Jowmward {ata t'v 0], re=
malning unburned pases, which mow lie at the hottan of the cylinder, as In the plot at &.91 dvezondes Tho - -=
tler=e {n thian plot also shuw lover temperatures nvear the wallas cavmed by conduction of heat fro— the *1 uro-
srifust JaRen tn the conler walla., BRurning {s comilere {n thia calculation shertly after 2o wogna's,

The sequence of eventn for 10,77 hydrogen difters considerahly frum that described ahnve. Hestuse € 0o
{acroaded amnunt of hy irogen {n the initial mixture, the flame propapates =ore quicklv Ints the anr-rel .-,
Thun at 1¢"1 seconda the flame alreadv roaches the vuter walls, it =eparaten (nto twy Flames that ar-:tcits
upsard and dowmeard in the cvliinier. Thene reach the top and hottom walla of the cviinder at rearly the wiae
t{i=n, a8 ghown {n the plat at 1.81,

Ten <nmpeting effecte caune changes 1n the presuurs {n the cyliader {n holth experinente: ettt rolease 7= -
honlzal reastinne {n the flame and conductive heat Inan frum the hot combuxti-n jgases to the <walla =4 tre - l1n=
der. The (Llrset affect casen the pressure tn rise; the second causes the nresnmure to drop. The rate o ‘el roes
1o wne ! denenda an the sneed of propagation of the (lumes and the qurfice ared vaazistef 2 2h tae flaaee, T0



surface area is roupghly equal to the area associated with an isotherm contour that lies in the flame zone.
Hi{cher flame speeds and larger associated surface areas cause the presgure to rise faster.

We can now exnlain the cause of what we see in the measured pressure historfes. With 7.5%X hydrogen, the
pressure rises slowlv at first because of the low speed and the small surface area associated with the flame. As
the flame annroaches the outer walls, its gurface area increases, and the rare of the pressure rise increases as
1 consequeace. The rate of predsure rise reaches its maximum when the flame area is largest, just before it
reathes the top and side walls at 2.88 seconds. After burn-put to the walls, the rate of pressure rise is less
because the surface area associated with the flame is reduced and because the hot Surn=-product gases are now in
contazt with and losing heat to the walls of the cylinder. The emall drop in pressure between 3.0 and 4.0 sec-
onds in the experiment mav be due to hipgh velocities near the walls that enhance heat transfer rates, an e’fect
that 1s not accurately modeled in the calculation. After 3.0 seconds the flame propagates downward very slowlwv
heczause wall heat lodas cools the gases behind the flame. The flame speed, a very gsensitive function of tempera-
ture, slows vhen the temperature drops. Uhen burning is complete at 8.0 seconds, wall heat loss causes the »res-
sure to drop.

with 17,72 hyirogen, the pressure als> rises sqlowly at first and then accelerates as the flame surface arca
[n:reases. However, the pressure continues to rise steeply after the flame reaches the outer walls. Thus the
averall rate of chemical heat release remains larpge even though, after burn-out to the walls, the flame surface
area is smaller and wall heat losses are occurring. A nore detailed analvsis of the zalculation then we give
Were shows that several phvsical effects are responsible for this continued large heat-release rate. One of
these i{s clear from the isothernm plots: after burn-out to the walls, the surface area assoziated with the flanes
{s largar with 10.7” hvdrogen than {t 1s with 7.5% hydrogen.

Ve HYDROGEN DIFFUSION FLANES IN A REACTOR CONTAINMENT

It has recently become of interest to analvze hvdrogen diffusion flames in reactor contalnments [4], In
this ac:ident sequence, a transient event from 1007 power is followed bv loss of all conlant-injection zapahili=-
tve The reactor vessel remaina pressurized as the conolant water in the reartor vessel hegins to boil awiv. ‘“hen
the :zsre hecomes uncovered and heats up, after roughly 40 minutes into the accident, zirconfum and steel oxida-
ti51 leads to the reneration of hvdrngen whi:zh {s chen released through safetv relief valves {into the sunvnressinn
nnnl.,  Unier certain conditions, thir release nf hvd-ogen (e.g., with an {gnition sourze) leads t»n the fornmation
nf di{“fus{on flames ahove the release areas i{n the sunpression pool. These flames mav persist {n lozalized re-
2ions ahyve the suppression ponl for tens of minutes and therefore could lead to nverheating of nearhy peneira-
tions {1 the drv-well or wet-well walla. It i{s ot mast interest =) calculate the tenporature and pressure of thy
zontaf{ ment atnosnhere i{n the wet-well region and the heat flux i 1i8 on the dryv-well and wet=well walls up to
1N n ahove the supnredsion pnol surface.

The reaztor zontainment design in question is shoun schematicallv in Fig, A. UYe are only concerned with the
contaiament valu=ae above the water level sn we approximate the conta nm 1t with the configuration nresented in
Fire 7, whizh has the same atmospheric contalnment volume as that of Fi,. A. The auter vertical :zontai=me=t vill
fwet=well wall) {8 concrete D75 m (2.5 fret) thizk and the {nner vertical wall (drv=well wall) (s -oncrete 1.5 -
(5 feet) thizk. The annular renfon hetween theme tvo walls 1s caller the wet-well. Hvdropen sparcers or sour.os
wre aztuallv at the hotton of the suppression pool within 3 m of the {nner wall. The nin sourzes can he thousit
of as zirzular, 3 n Jdiameter, centered azimuthally at In, 48, RB, 1Ju, 132, 184, 25h, 28R, and 128 feprees.

Flue % 2ives the tdea of the sources relative to the wet-well and the containment walls.

The geometrv as shown {n the twn perspective views ol Figse 9 and 1V {ndlzates the true three=iimwe st imaliey
nf the zontainment. The hydrogen sources are shown at . ¢ bottom as rectangular reglons. The :vlindrical o=
tatinnal =esh approximating this geometrv is presented in Fige. |! which dhows each of the computing 2ones. A ble
shaned reglon of the computing mesh indicating the dimens<i.ns ls presentea in Fig, 12. Ilvdrapen onters the - =
miting nesh at the hottom (J=2) of specific cells {n the «:nular ring (1=8) with a temperature vgaalling 717 a4y

5
npressure equalling 17 Pa. The azim.thal positions of the 'wirogen sourzes within the ring led are spezfflod at
Komda, n, 8,13, 15, ln, 20, 22, and 24 which cotrespnnds ta computational zonem centered at V22,5, 242,35, Inl.h,
15745, 15745, 142.5, 82,3. 52.5, and 2.5 degreen, respectively. A mass flow rate of 45,3 ka/mfin s {latr{hate!

)
equally amnnp the nine sources. The initial cordition in the contalnment {8 dry air at 21°C and 1 Pa,
f
There are tremendous heat sinks (n the contalnment, e.g., 2.2 x 10 ky steel with heat trainufer darfice area

"
oquallineg 2.7 » l”b n~, from which an average surface area pcr unit volurme can he found. The structuril e
traasfor and drag tormulations both use this average value to compute heat and momentum exchinge, resbectively,
Wwithin a computatinonal zone.

Flpure |3 4lsnlave velocity vectors In an unurapped (constant radius va. heluht) configuratfan, The riflas
fa at the radial center of the hvdropgen source cells (I=R), whizh can he seen at the hottom of eazh nlot w the
npeninga, For example, there {s a douhle source hetween 135 and 165 depreems and weven afngle sourzea Hatrivte!
alang the azimuthal 4inenslon. With nine distributed sources, and distrihuted as thev ire, Fige 1) shoes e dee
velopment of wery strong huovancy driven flows {n the partia)l hot chimney at 45 dopreen and the full hot o e
at 135 a1 315 dereec. A cnld chimmey (downflow) develops at 225 deprees completing the conveztive loonw,

The (1l {n the partial hot chimnev (45 deqrees) in blocked by a concrete floor about half wav to the tow ant -
divertod toward the outer wall and upward around the enclnsed volumes shown in this fligure. The harizontal i
designate concrete floors where no mass, momentum or energy in allowed to flux across these lines, Thue we wee
the hat producta of combustion beneath the floora at say 270 denrees convecting horlzontally and Fontriswitine @
the full hot chimnev at 115 derreesn. 'laximum gas temperatures are generally found .n resfone of miltiple soar o
and heneath concrete floors as deplcted {n Fig. 14, Note that the contour plotting routine doew ot recocsl o
the conorete floors which are thin compared to the cell helght. The resolution under the flooes Is fnaufff-fent
to aztrally show any contours; however, the ldea of high/low concentrations and pridfents !a clearly deson-
ntrated.



Earlv in the calculation, 120 s, most of the hvdrogen combusts in the Lnlet comoutational zone as shoun by
the hydrogen density contour plot of Fig. 15. This is confirmed by the chemical energy contour plot (Fig. l6)
which shows the energy of combustion in the nine source inlet regions and the oxygen density contour plot (Fig.
17) showing low values near combustion regions and high values in the cold chimney (225 degrees). At later times
(1410 s), Figs. 18-22 show the same overall flow pattern, but only hydrogen sources near the cold chinney are
continuing to combust in the inlet regions. The othara which have become oxygen starved are combusting higher up
{1 the wet=well. This 1@ shown bast in Fig. 19 where maximum gas temperatures are found far above the pool sur-
face.

Sumnary results are presented in the next figures. Figure 2] shows the maximum and minimin wet-well temper-
atures and containment atmosphere pressure. Hote that the maximum temperature would always be the adlahatic
flame temperature for the composition of gases at that particular time. We correctly calculate the adiabatic
flane temperature; hovever, because of the coarseness of the computational mesh, the temperature of anv zonme in
which combustion is taking place will always be lower than the actual adiabatic flame temperature. ass histo-
ries for H,0, H,, and O, are also included in Fig. 23. Note rhat at roughly 1600 s, oxygen i{s totally depleted

in the containment. Spatial distributionas for heat fluxes to the inner and outer wet-well walis at 3.3 =m (1)
feet) and 10 m (30 feet) above the pool surface are presented in Fig., 24 .ur varicus times (30, 120, ANN, nd
1900 geconds). The hydrogen sparger or source azimuthal positions are indicated on each figure, where maximun
heat flux values corresponi one for one to the aparger locations. For azimuthal locations 142.5 and 292.5 {e-
prees vwhere large values of che heat flux occur, we have given heat fiux histories in Finz. 25 at the 3.3 m and

10 » levels above the suppression pool surface for both Inner and outer walls. The heat fluxes on the inner wall
neak early and then decrease as heat is convected to other regions of the containment. llost of the heat trars-
terred to the outer wall i3 radiated to these surfares from the burning hvdrogen.

Without a flame nodel or resolving flame Aetalls witi a finely zoned computational mesh, Lt s {mpossibdle
for us to supply details about the flame such as flawe height, flame width and flame angle. e can sav; however,
that most of the combustion takes place in the inlet cell (flame height 6 m), as long as there is suffi:ient uxy-
gen for combustion. Once flames hecome oxvgen starved, then {t is possible for flames to 1ift off the water sur-
faze and burn higher in the wei-well, perhaps even reattaching to the water surface as mure oxvgen {s sunnlied by
zonvection,

vl. CONCLUSION

NDetalled analvses of hvdromen transport, mixing, and combustion In contalnments s now pnssible. 1In :zoa-
serving mass, momentum and energy throughout the containament, these time-dependent, two= and three-dimwnsln-al
calzulations are in very good agreement with available data; in fact, these ral=ulatiors should be _onsldered
beachmark analvses.
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